This paper presents results of an experimental and theoretical study of wave-related suspended sand transport under irregular waves in the ripple regime. Time series analysis of experimental data to determine the mean and oscillating suspended transport components was done by using a specially developed software. The relationship between the wave-related suspended sediment transport rate and the significant wave height is established. The influence of particle diameter on the wave-related transport is also seen clearly through the analysis results. The second part of the study is related to the 1DV model, which simulates the instantaneous velocity and sand concentrations from close to the bed up to higher in the water column. The model is based on the classical diffusion approach taking both the turbulence-related and the effective wave-related diffusion into account. It shows that the time-averaged sand concentrations can be simulated reasonably well in the ripple regime using the calibrated equations. The accuracy of the suspended transport was found to be strongly dependent on the type of applied bed-boundary condition for the sand concentration (computed from a formula or taken from measured data).
Introduction
The suspended sand transport rate in the coastal zone comprises two major components: the current-related transport component and the wave-related transport component. The current-related transport component is considered to be the convective sand transport carried by the mean currents such as tide, wind and wavedriven currents in the presence of short (high-frequency) surface waves acting as stirring agents. The wave-related sand transport is herein defined as the transport of sand particles by the oscillating (orbital) fluid motion due to the high-frequency waves. The current-related transport over rippled beds has been studied in considerable detail Van Rijn and Havinga, 1995) , but the wave-related transport is less well known. Both the magnitude and direction of the wave-related transport vary depending on the precise geometry of the ripples: relatively flat ripples may result in onshore-directed transport, whereas steep vortexinduced ripples may yield offshore-directed transport due to phase differences between instantaneous fluid velocities and sand concentrations near the ripples (Vincent and Green, 1990; Osborne and Greenwood, 1992; Osborne and Vincent, 1996; Grasmeijer and Van Rijn, 1999 and Van Rijn, 1998 . The wave-related transport over a flat bed has been studied in more detail based on numerous experiments in wave tunnels (see for overview : Ribberink, 1998) . Generally, the wave-related transport over a flat bed is found to be onshore-directed for sand particles larger than about 0.15 mm, because phase differences are less important in the thin sheet flow layer. This paper focuses on the wave-related suspended transport over a rippled bed based on results from both experimental and mathematical studies. The experimental study is related to large-scale wave flume tests and analysis of time series of horizontal velocity and suspended sediment concentration in the Delta Flume of Delft Hydraulics. The mathematical study is related to numerical model computations focussing on suspended sediment concentrations under irregular waves in the ripple regime based on a 1DV point-model. The present model is a modified version of the model of Ribberink and Al Salem (1991, 1995) and will herein be used to study the wave-related suspended sand transport in the ripple regime. Suspended sand transport for regular asymmetric waves was studied already in Ribberink and Al-Salem (1991) and in Ribberink and Al-Salem (1995) for sheet flow over a plane bed in a wave tunnel. They have found that the 1DV model produces realistic estimates of the sand concentrations and transport rates in the thin sheet flow layer over a plane bed using an effective bed roughness of k s = 2.5 D 50 . However, the time-averaged sand concentrations above the sheet flow layer are considerably overpredicted by the model, which implies that the turbulence-related mixing coefficient is overpredicted by the model in case of a plane bed. This effect was supposed to be related to the damping of turbulence caused by high concentrations in the sheet flow layer, which was not modelled. In the present paper the attention is focussed on the performance of the 1DV model for irregular waves in the ripple regime. The results will be used to show whether a diffusion-type model can be applied to simulate the suspension mechanism by rippleinduced vortices. The vortex-induced transport process may well be a convective process related to the migrational behaviour of oscillating coherent ripple-induced vortices rather than a turbulence-induced diffusion process as pointed out by Nielsen (1992) .
Description of experiment
The experiments were carried out in a large-scale wave flume with a total length of 233 meters, a depth of 7 meters and a width of 5 meters and waves were generated by a piston-activated board at the end of the flume. A sand bed layer was placed in the wave flume from position x = 100 meters to x = 140 meters. The water depth was 4.5 m in all experiments. Two types of sand have been used: fine sand with median diameter of 0.16 mm and coarse sand with median diameter of 0.33 mm. Three different wave conditions for both regular and irregular waves were generated during the test series. In this paper the tests with irregular waves are considered only. The significant wave heights varied in the range of H s =1 to 1.5 m. The peak wave period was 5 s. The measurement program is described in Table 1, in which the tests with the  same wave condition and the same grain size are arranged in five different sets  (I,II,II,IV and V) . The data sets I and II involve the tests with relatively coarse sand with a median diameter d 50 of 0.33mm. The other sets (III, IV and V) deal with fine sand with d 50 of 0.16mm.
Analysis and results

Definitions and analysis method
The instantaneous velocity and sediment concentration at height z above the bed are separated into time-averaged, high frequency and low frequency components. The net total transport rates at height z in cross-shore direction (positive direction of x axis is in wave propagation direction) are defined as the integration over the measurement time interval of instantaneous sediment transport rate, as follows : : denotes time-integrated quantity The analysis results of the experiments are obtained by using TISERAT(a software coded with FORTRAN 90) by which filtering of components of high and low frequencies and computation of the cross-shore transport rates were done. 
Suspended sediment transport components
Analysis of the results for all tests shows that the suspended sediment transport components due to interaction between high and low frequencies are very small and can be ignored, while the components due to purely high and low frequencies are relatively large. Hence, the net cross-shore suspended sediment transport now becomes the sum of time-averaged component and the components of high and low frequency transport:
The terms of equation (2) are presented in Fig.1 showing the vertical distribution of suspended sediment transport components for each data set I to V (see Table 1 ). In general, from the observation on Fig.1 it can be seen that the transports due to high frequency are dominant and tend to be directed onshore. The transports due to low frequency are of minor importance and have a tendency for offshore direction similar to time-averaged transport components. It can be clearly observed that the suspended sediment transport mainly occurs in the near-bed layer with thickness of about 0.3 to 0.5 m, which is roughly equivalent to 10 to 20 times the ripple height. In order to provide an evaluation of depth-integrated transport rates, the transport terms have been integrated between the lowest and highest measurement points. In Figure 2 the time-averaged ( axd Q , current-related) and the high-frequency ( ssxd Q , wave-related) suspended transport rates are shown as a function of wave height and sediment size. In all conditions with irregular waves the wave-related suspended transport is directed onshore, whereas the current-related suspended transport is directed offshore. From Figure 2 it is easy to see that the wave-related suspended transport increases with wave height and decreases with particle size. This latter effect can be understood from the ripple dimensions; the ripples generated over the 0.33 mm sand bed were much more pronounced as those for the 0.16 mm sand bed resulting in larger vortex motions and stronger associated suspension processes. The standard error of the wave-related transport is relatively large for the case with sand bed of 0.16 mm and significant wave height of 1.5 m, expressing relatively large variability because only 3 data records of 15 minutes were available (see Table 1 , data set V). It stresses the importance of relatively long data sets in case of a rippled bed. 
Mathematical model
The model is a modified version (including irregular waves and vortex-related mixing) of the model explained by Ribberink and Al-Salem (1991 and . Similar models have been used by other researchers such as Jonsson (1963) , Kajiura (1968) , Horikawa and Watanabe (1968) , Bakker (1974) , Brevik (1981) , Fredsoe et al.(1985) and Rakha et al. (1997) . Most often these models have been used for plane bed conditions, but Rakha et al. (1997) applied their model to compute the profile evolution in the surf zone with ripples along a considerable portion of the profile. The turbulent fluid movement for (horizontal) uniform flow in the vertical plane is considered assuming that the vertical velocity is relatively small compared to the horizontal velocity. Furthermore it is assumed that the region of flow can be divided in two layers, in which the upper layer has no vertical gradient velocity. Hence, by using the term of pressure gradient from the equation for the upper layer, the movement in the lower layer is described by the Reynolds' equation as follows: in which ( ) t z u , is the horizontal velocity in the oscillatory lower layer with the depth h, 0 u the horizontal velocity at elevation h z = distinguishing between the lower and the upper layer, t time, z elevation above bed, t n turbulent viscosity and 0 z position of zero velocity. Eq. (3) is suitable to simulate the orbital flow field over a plane bed or a bed with relatively flat ripples (no flow separation). It can not simulate the detailed vortex motions over pronounced ripples, which basically is a horizontally non-uniform process. Since the attention is focussed on the wave-related suspended transport, eq. (3) is herein used to describe the general orbital motion and the turbulence-related mixing characteristics. The basic idea is to evaluate the performance of a relatively simple model with respect to the suspension characteristics over a rippled bed and to see whether the model can be adjusted to produce the proper wave-related transport rates or not. In order to close the equation, the Prandtl' s theory on mixing length as turbulence closure is used and the eddy viscosity is described by
in which 1 b is the eddy viscosity adjusting coefficient (equal to 1), l is the mixing length and determined by Prandtl' s formula:
where k is Von Karman constant (k =0.4) . The initial and boundary conditions used in the model are given in the following. § The boundary conditions at z=h and z=0:
is a given function from measurement (data record of irregular wave velocities); § The initial condition:
is given function of velocity. A hyperbolic tangent distribution is used for the initial velocity based on the initial value at z=h. Using the same assumptions as for flow equation (3), the vertical distribution of sediment concentration is described by the 1DV diffusion equation as follows:
in which: w is the vertical velocity of flow, w s constant settling velocity of sediment particle, c volume concentration, and s e diffusion coefficient for sediment. To represent additional vortex-related suspension processes, the overall sediment mixing coefficient was modelled as the sum of the ones by bottom-induced turbulence and effective vortex-induced mixing:
in which sw st e e , are the mixing coefficients for sediment due to turbulence and due to vortex motions, respectively. The turbulence-related sediment mixing coefficient is determined according to eddy viscosity t n by a coefficient 2 b
The vortex-induced mixing is supposed to be described by the following formula:
Eq. (12) is based on dimensional analysis and assuming that the sand concentration profile is of the hyperbolic type, c~( ) n z h 1 / -, with n being a calibration coefficient most likely depending on grain size and ripple dimensions. Furthermore, it is assumed that peak orbital velocities, Û, are dominant in driving the vortices. The peak orbital velocity is described as:
in which off on U U , are onshore and offshore amplitudes of peak orbital velocity in case of irregular waves, respectively; T wave period. The effective vortex-induced mixing has been determined by calibration using the measured time-averaged sand concentrations. The boundary equations for the sediment diffusion equation are: § The initial condition:
in which: a z is the reference level and
is a given function from measured data. § The boundary condition at h z = : 
in which a c is a given formula or a measured time series.
The applied a c expression reads as:
in which q ¢ is instantaneous dimensionless bed shear stress related to the grains; cr q ¢ critical dimensionless bed shear stress known as Shields parameter; s r density of sediment; * D dimensionless particle diameter; and m is an empirical coefficient (calibration) related to ripple characteristics , , l r being ripple height and length respectively. The reference level is assumed to be equal to the effective bed roughness k s , which is taken equal to the ripple height.
Calibration of the model and numerical solutions
The finite difference method based on implicit scheme of Crank-Nicolson was used to solve equations (3), (6)- (8) for horizontal velocity and the implicit upwind scheme was used in equations (9), (14)- (16) for vertical distribution of sediment concentration. It should be noted that the grids for flow and sediment diffusion equations are different and that a staggered grid has been used for more accurate and stable computation results. Basic input values of the model are given in Table 2 : d 50 of the bed, w s = constant fall velocity of suspended sand (based on settling tests using suspended samples) and effective bed roughness k s , which is taken equal to the measured ripple height. First, the calibration of the vortex-related mixing coefficient is considered by fitting of measured and computed time-averaged sand concentrations. It is shown in Figure 3 that the time-averaged sand concentration is much too small when the turbulencerelated mixing coefficient is used only. Introducing a vortex-related mixing coefficient as determined by eq. (12), effectively improved the vertical distribution of sediment concentration considerably compared to the measurement results. Similar results were obtained for all other tests. Under the action of bottom-induced turbulent mixing the suspended sediment concentration mainly assembles near the bed and decreases quickly in the upward direction. All available test results (24) of timeaveraged sand concentrations have been used to determine the n-coefficient of the vortex-related mixing coefficient and the m-coefficient of the reference concentration expression by fitting of measured and computed time-averaged concentrations The results are given in Table 2 . The n-coefficient was found to depend on the grain size of the bed material: n=12 for coarse sand of 0.33 mm and n=38 for finer sand of 0.16 mm. A smaller n-value implies a stronger vortex-related mixing, which seems realistic because the ripples were most pronounced (steep vortex ripples with r/l=0.27 ) in the tests with a coarse sand bed of 0.33 mm. The m-coefficient was found to be related to the ripple steepness (r/l) with m-values in the range of m=0.04 for r/l=0.042 to m=0.27 for r/l=0.5. The results can be represented by The measured velocities at z=1.075m are used as the upper boundary condition of the model and the sand concentrations at the lower boundary condition of a z z = =0.075 m are taken from measured concentrations as well as from equation (18). Based on these conditions, the model computations show quite good results for concentration at the lower elevations and for orbital velocity at the higher elevations (close to the boundaries). Further away from the boundaries the discrepancy between computed and measured values gradually increases. It also shows that the computed instantaneous results based on the measured reference concentration are much better than those from equation (18). Furthermore, the computed instantaneous concentration shows less strong oscillation than the measured concentration. This latter effect results in less accurate predictions of the wave-related sediment transport rate, as will be shown later. The vertical distribution of the time-averaged sand concentrations is not much affected by the type of boundary condition (measured data or equation 18). For all the cases under consideration the computed instantaneous velocities outside the layer affected by the ripples (roughly two ripple heights above the mean bed; z>0.1 to 0.2m) behave quite good in comparison to the measured velocities. Considerable errors occur close the bed in the vicinity of the ripples (z<0.1 m). Figure 4 shows computed and measured time-averaged velocity profiles for all 24 tests in terms of mean values (and standard error range) for each of the 5 data sets. set V with the largest significant wave height and the finer sand of 0.16 mm; whereas the near-bed concentrations are largest for the case with steep vortex ripples (data set I and II). These results show that a diffusion type model is quite good in simulating the time-averaged sand concentration distribution, provided that the vortex-related suspension mechanism is modelled by an effective mixing coefficient. The discrepancies of time-averaged concentration between using formula (18) and measured data for reference concentration are quite small. As regards the standard errors of both the computed and measured results, it shows that the velocities change significantly for each test due to the presence of the ripples, while the standard errors for concentration are more stable at the same levels. There is a range of causes for the discrepancies between measured and computed wave-related suspended transport rates. As seen from the obtained results, the computed instantaneous concentrations do not agree well with the measured values although the time-averaged values are quite good. This problem is related to the geometry of the ripples as well as to the dynamics of entrainment and transportation of sediment particles from the rippled bed into the flow. It appears that the instantaneous behaviour of the vortices and associated sand concentrations can not be represented sufficiently accurate by a diffusion type model. Moreover, the interaction between sediment and fluid particles is not considered in the present model. The changes of fluid density and turbulence due to the presence of high near-bed sand concentrations may influence the dynamics process of flow and sediment. 
Discussion and conclusions
The experimental results show that the ripple geometry is strongly affected by the bed material characteristics: steep vortex ripples with r/l=0.22 to 0.27 for the 0.33 mm sand (data sets I and II) and relatively flat ripples with r/l=0.04 for 0.16 mm sand (data sets III, IV and V) . The ripple steepness is a very important factor, because it decides the scale of bed roughness (see Hitching and Lewis, 1999) and hence has a strong influence on vertical distribution of horizontal flow velocity and sand concentration. As the precise measurement location with respect to the ripple crest is unknown for these Delta flume experiments, many repetitive measurements have been Somewhat better results are obtained for data sets II and IV of the 0.16 mm sand bed with flat ripples using an effective bed roughness equal to the ripple height. Accurate simulation of the flow field near a rippled bed basically requires the application of a 2DV model in combination with a higher order turbulence closure ( e -K method) or direct large-scale eddy simulation (LES method), which is beyond the scope of the present study. The time-averaged sand concentrations can be reasonably well simulated for both sand sizes using the classical diffusion approach, provided that the reference concentration near the bed is modelled with sufficient accuracy and that the vortexrelated mixing characteristics are taken into account (calibration). Neglecting the vortex-related mixing coefficient, yields time-averaged sand concentrations that are much too small (Figure 3 ). Further research is necessary to relate the reference concentration and the vortex-related mixing coefficient to relevant hydrodynamic, sediment and bed form parameters. The measured instantaneous sand concentrations can not be simulated very accurately using a relatively simple reference concentration based on instantaneous bed-shear stress only; the effect of the ripple geometry has to be included to represent all sand concentrations peaks near the bed. The computed instantaneous sand concentrations at various elevations away from the bed show better agreement when measured data are used as bed boundary condition. For all cases the computed instantaneous sand concentrations show less strong oscillations than the measured data, which is an indication that the diffusion approach is not fully capable of simulating the instantaneous processes. However, this does not seem to affect the accuracy of the time-averaged sand concentrations and hence the current-related transport very much, but it is of major importance for the wave-related suspended transport processes. This latter process can not be simulated very accurately by the present 1DV model in case of a rippled bed, especially when the reference concentration is not accurately modelled. For all cases the measured wave-related suspended transport rates due to the high frequency waves are directed onshore, whereas the current-related suspended transport rates are directed offshore. The transport rates due to low frequency are of minor importance and have a tendency for offshore direction similar to time-averaged transport components. The results of the present study for sand transport under irregular waves over a bed of 0.16 mm sand and 0.33 mm sand can be summarized by the following conclusions:
§ The ripple geometry is strongly affected by the bed material characteristics: steep vortex ripples with r/l=0.22 to 0.27 for the 0.33 mm sand (data sets I and II) and relatively flat ripples with r/l=0.04 for 0.16 mm sand (data sets III, IV and V); § The suspended sediment transport mainly occurs in the near-bed layer with thickness of about 0.3 to 0.5 m (water depth of 4.55 m), which is roughly equivalent to 10 to 20 times the ripple height; § The measured wave-related suspended transport due to the high frequency waves is directed onshore, whereas the current-related suspended transport is directed offshore; the transport rates due to low frequency are of minor importance and have a tendency for offshore direction similar to time-averaged transport components; § The onshore-directed wave-related suspended transport increases with wave height (H 1/3 between 1 and 1.5 m) and decreases with sand size; the latter effect is related to the effect of decreasing ripple steepness and hence less strong vortex motions for decreasing sand size; § The 1DV model based on the classical diffusion approach shows good ability to simulate the time-averaged suspended sand concentrations and hence the currentrelated suspended transport in the ripple regime, provided that the reference concentration near the bed and the vortex-related mixing are represented with sufficient accuracy; both parameters are strongly related to the ripple characteristics.
